The planarian Schmidtea mediterranea is a new model to study host-pathogen interactions during fungal infections.
Introduction
Fungal infections rank among the top ten causes of human death, with over 1 billion people currently infected with a fungal disease worldwide (WHO, 2018) . Together with the increase in antifungal drug resistance emerging in recent years, pathogenic fungi represent a notable global threat to human health (Fisher et al., 2012 (Fisher et al., , 2018 . Candida albicans can lead to infections that range from superficial cutaneous and mucosal infections to severe systemic and invasive infections resulting in over 40% human mortality (Bongomin et al., 2017; Brown et al., 2012) . The current gold-standard in the field to study C. albicans virulence is the mouse tail-vein injection model, where C. albicans is injected directly into the host bloodstream (Clancy et al., 2009 ). This model, however, only captures the late stages of C. albicans infection in humans, once the fungus has breached the host defenses to enter the bloodstream. Therefore, there is a need to understand the earlier stages of infection, such as how C. albicans breaches host barriers and defends against the host innate immune system.
C. albicans is a polymorphic fungal pathogen that has the ability to change morphologies depending on its environment. For example, C. albicans can reversibly switch between round yeast form cells to elongated filamentous cells (hyphae and pseudohyphae) in response to specific environmental cues, which is an important virulence factor for C. albicans host infection (Braun and Johnson, 1997; Saville et al., 2003) . The yeast to hyphal transition is important for C. albicans infection, colonization, and evasion of the host immune system; the yeast form cells facilitate dissemination through the blood stream, while the hyphal cells cause tissue damage and invasion as well as aid in the escape out of phagocytic cells. In fact, it is well-established that C. albicans strains genetically modified to remain "locked" in the yeast or filamentous forms are unable to undergo the yeast to hyphal transition, resulting in highly attenuated conditions for virulence in mouse models of infection (Lo et al., 1997; Saville et al., 2003) .
Planarians are flatworms (Platyhelminthes) with high rates of cellular turnover and an extraordinary capacity to regenerate, both processes of which are based on adult stem cells (SCs) called neoblasts (Aboobaker, 2011; King and Newmark, 2012; Pellettieri and Sanchez Alvarado, 2007; Reddien and Sánchez Alvarado, 2004; Wagner et al., 2011) . The immune system of planaria has a high-degree of evolutionary conservation to the innate immune system of humans (Abnave and Ghigo, 2018; Li et al., 2018; Lu et al., 2017; Maciel and Oviedo, 2018; Peiris et al., 2014; Tsoumtsa et al., 2018) . Additionally, similar to humans, planarians are able to distinguish between commensal and pathogenic bacteria (Abnave et al., 2014; Arnold et al., 2016; Keating https://doi.org/10.1016 /j.dci.2018 .12.005 Received 21 September 2018 Received in revised form 7 November 2018; Accepted 11 December 2018 Torre et al., 2017b) . In fact, it takes only a few days for planaria to eliminate infections of a wide range of pathogenic Gramnegative and Gram-positive bacteria, as well as mycobacteria (e.g. L. pneumophila, S. aureus, and M. tuberculosis, respectively) (Abnave et al., 2014) . Thus, previous analyses of the planaria innate immune system during bacterial infection has provided useful information about host response strategies aimed at clearance of bacterial pathogens (Abnave and Ghigo, 2018; Abnave et al., 2014; Arnold et al., 2016; Gao et al., 2017; Hammoudi et al., 2018; Li et al., 2018; Lu et al., 2017; Pang et al., 2016; Torre et al., 2017a; Tsoumtsa et al., 2017 Tsoumtsa et al., , 2018 . Indeed, the function of the gene encoding the human homolog of Membrane Occupation and Recognition Nexus repeat containing-2 (MORN2) was unknown until a screen in planarians allowed for the identification of its function in phagocytosis and clearance of bacterial infections (Abnave et al., 2014) . Interestingly, MORN2 is conserved in planarians and humans, but it is not present in other invertebrate models namely D. melanogaster or C. elegans (Abnave et al., 2014) , and thus its identification would have been missed using other invertebrate infection models.
The study of vertebrate and invertebrate in vivo models of candidiasis to date has provided important insights into the pathogenesis of fungal infections (Bergeron et al., 2017; Chamilos et al., 2007; Fuchs et al., 2010; Glittenberg et al., 2011; Gratacap et al., 2017; Mallick et al., 2016; Mylonakis, 2008; Mylonakis et al., 2007; Peterson and Pukkila-Worley, 2018; Pukkila-Worley et al., 2009a; Segal and Frenkel, 2018) . However, there are still existing limitations in analyzing hostpathogen interactions in the context of the adult body and the stem cell response. For example, although mammalian models such as the rat, mouse, and rabbit are the closest species used to mimic human infections, their use is limited by sample size, handling, and cost. On the other hand, invertebrate models, including Drosophila melanogaster, Caenorhabditis elegans and Galleria mellonella, although cost-effective, are limited in their use to analyze embryonic stages, infection methodology (e.g. injections cause injury), and evolutionary divergence from humans, among other limitations. Here, we introduce the use of the planarian Schmidtea mediterranea as an alternative invertebrate model to study different stages of fungal infection with C. albicans. The simplified anatomy of adult planarians enables an in-depth analysis of fungal infections and the effects they may have on signaling pathways regulating the crosstalk between stem cells and various differentiated tissues. We developed a fungal infection strategy using C. albicans as the pathogen and the planaria S. mediterranea as the host. We established protocols to visualize C. albicans distribution during infection of planarian tissues. These analyses determined that fungi rapidly infect and grow inside planaria causing damage to superficial and deep tissues. Despite this aggressive pathogen invasion, it only takes a few days for S. mediterranea to halt C. albicans growth and clear the infection while reestablishing form and function of damaged tissues. Furthermore, we find that fungal infection activates neoblast proliferation and increases the expression of highly conserved host molecular cascades such as MORN2 and TAK1/p38.
Methods

Planarian culture
The asexual strain CIW4 of planaria species Schmidtea mediterranea was used for all assays. The planaria culture was maintained as previously described (Oviedo et al., 2008) .
Microorganisms
Candida albicans strain SN250 was used as the wild-type control strain, and hyper-filamentous strain TF125 (nrg1/nrg1) (Homann et al., 2009) , and non-filamentous strain TF156 (efg1/efg1) (Homann et al., 2009 ) were used to assess the effects of filamentation on the infection assays. Strains were grown on yeast peptone dextrose (YPD) agar plates for 2 day at 30°C, and single colonies were selected and cultured in YPD liquid medium overnight at 30°C to obtain cultures for infection assays.
S. mediterranea challenge/infection assay
About ten planarians were kept in plastic wells containing 3 mL of water to which specific concentrations of C. albicans cells were added and the total volume was adjusted to 4 mL. The animals were kept in the infected media for three days. After this initial three-day exposure, the planaria were washed daily with fresh water and observed under the microscope to record any behavioral or macroscopic defects for the next seven days. All procedures before, during and after infection with C. albicans were performed in water at room temperature, which is the ideal medium and temperature for planaria. Under these conditions, C. albicans are not actively dividing in the media, and thus the infection period was extended to three days.
CFU counting
Planaria were collected after three days of infection as well as at other indicated time points. The animals were homogenized in 1 mL of 1xPBS. The homogenate was further diluted into 10 mL of 1xPBS, and 250 μL of the homogenate was then plated onto YPD media agar plates containing ampicillin (1 μg/mL). After an overnight incubation at 30°C, C. albicans colonies were counted.
Whole mount immunofluorescence
Planarians were sacrificed by placing them in 5.7% of 12N HCL solution for 5 min and fixing them in Carnoys solution for 2 h on ice. After this, planarians were stored in methanol at −20°C for at least an hour and then bleached overnight in 6% H 2 O 2 solution. Animals were rehydrated in dilutions of Methanol:PBSTx and stained as previously described (Thiruvalluvan et al., 2018) . Primary antibodies: α-H3p, 1:250 (Millipore Cat# 05-817R) and caspase-3, 1:500 (Abcam ab13847). Secondary antibodies: Goat anti-rabbit Alexa568, 1:800 (Invitrogen Cat# 11036) for H3P, HRP-conjugated goat anti-rabbit antibody (Millipore Cat# 12-348) with TSA-Alexa568 anti-HRP for caspase-3, 1:2000.
For C. albicans staining and p-38 staining in the planaria whole mounts, animals were sacrificed in 10% NAC diluted in PBS. The animals were then fixed in 4% formaldehyde in 0.3% PBSTx and permeabilized with 1% SDS. Animals were then bleached in 6% H 2 O 2 in 1xPBS. Primary antibodies: Anti-Candida, 1:500 (ThermoFisher Cat# PA1-27158) and anti-phospho p38, 1:800 (Cell Signaling Technologies CAT# 9211).
TUNEL assay
Worms were prepared for TUNEL or immunostaining identically to those prepared for C. albicans staining. TUNEL was then performed as previously described (Pellettieri et al., 2010) . During the double staining, the animals were fixed in preparation for TUNEL staining. The double stained always started with TUNEL stain followed by blocking with PSTB for 4 h before the caspase stain.
Imaging and data processing
Area measurements were calculated using ImageJ software bundled with Java 1.8.0_172 (Schneider et al., 2012) and the differences in animal sizes were determined as fold change in reference relative to control group at each time point. Digital pictures were collected using a Nikon AZ-100 multizoom microscope and NIS Elements AR 3.2 software (Nikon). Brightness and contrast were adjusted using Adobe Photoshop. Neoblasts were counted and normalized to the area using ImageJ. Caspase-3 signal was quantified by measuring levels of fluorescence using NIS element software (Nikon) as previously described (Thiruvalluvan et al., 2018) .
Gene expression analysis
RNA was extracted with Trizol from control and infected animals at all three time points. The qPCR reactions were performed using SYBR Green Master Mix in a 7500 Fast Real Time PCR cycler (Applied Biosystems). Each of the reactions were performed in triplicate using the median cycle threshold value for analysis and normalized to the ubiquitously expressed clone H.55.12e, as described previously (Peiris et al., 2016) .
Results
Effects of Candida albicans infection in planarians
We developed a fungal infection strategy in which C. albicans was introduced to liquid (water) media containing planaria. After three days of incubation at room temperature (i.e. days post-infection-dpi), the media was replaced daily with fresh water and worms were evaluated under the microscope for seven days to record any macroscopic or behavioral changes ( Fig. 1A ). Three strains of C. albicans were used: wild type/WT (SN250), non-filamentous (TF156, an efg1/efg1 mutant), and hyper-filamentous (TF125, an nrg1/nrg1 mutant). In a mouse model of C. albicans bloodstream infection, the non-filamentous efg1/efg1 mutant strain was found to be attenuated for virulence, and in a C. elegans infection model, the hyper-filamentous nrg1/nrg1 mutant strain was highly invasive and virulent (Lo et al., 1997; Pukkila-Worley et al., 2009b) . Overall, three days of exposure to C. albicans was generally lethal to planarians ( Fig. 1B) . However, planarian survival rate was lower when exposed to the hyper-filamentous C. albicans strain, requiring 4-8 times the concentration of wild-type and non-filamentous strains to kill 50% of the worms 3 dpi ( Fig. 1B) . Planarian exposure to C. albicans for three days demonstrated a dual host response characterized by either survival or death of the planarians. To better understand the mechanisms guiding survival in the presence of C. albicans, we focused our analysis on animals that survived after 3 dpi. To that end, we established an effective infection concentration of C. albicans in the planarian model at 5 million cells/mL for the hyper-filamentous and 15 million cells/mL for the WT and non-filamentous strains. Next, we determined the capacity of planaria to clear C. albicans from their body by macerating individual worms at different time points of infection and plating the content on fungal-selective medium to determine CFUs. Strikingly, the hyper-filamentous strain grew fewer colonies than the WT and the non-filamentous strains; and at 10 dpi, all C. albicans strains were eliminated from the planaria (Fig. 1C ).
Soaking planarians in media containing the different strains of C. albicans (7.5 × 10 6 cells/mL) for three days led to morphological defects including epithelial lesions, tissue loss (e.g. head regression), partial body lysing and lethality ( Fig. 1D and E). Live images were taken after the 3rd day of the infection right after the daily rinse with fresh water. The hyper-filamentous strain was the most virulent leading to over 50% of animal death and the remainder of the animals experienced phenotypes of tissue lesion and lysing that affected ∼90% of A) Graphical illustration of the planaria infection timeline with C. albicans. Planaria were placed in small wells with 4 mL of water that was inoculated with C. albicans (0.5 × 10 7 to 6 × 10 7 cells/mL) and incubated for three days in the dark at room temperature. After the third day liquid was removed and planarians rinsed with freshwater daily for seven days. B) Planarian survival under different concentrations of three strains of C. albicans at the third day of infection. C) Number of C. albicans cells (three different strains) in planarians during the course of infection expressed as colony forming units (CFUs) over time. Note that C. albicans growth peaks during the first few days of incubation but by day 10 postinfection the presence of fungi is dramatically reduced. The experiment was replicated three times with 10 animals per experiment. The C. albicans concentration is 7.5 × 10 6 cells/ mL for each condition. Two-Way-ANOVA, ****P < 0.0001. D) Representative images and percentage of morphological defects observed after incubating planarians with the different C. albicans strains at 7.5 × 10 6 cells/mL between 4 and 7 days post-infection. Arrows point toward macroscopic lesions in the dorsal side of planarians. E) Percentage of macroscopic defects associated with the different growth forms at 7.5 × 10 6 cells/mL between 4 and 7 days post-infection. Scale bar is 200 μm. Two independent replicates were performed with 20 animals each and statistical analyses were based on comparison against the non-filamentous strain. Two-Way-ANOVA, ***P < 0.001; ****P < 0.0001, NS = no significant (C, E).
the animals (Fig. 1E ). Exposure to the WT strain led to lesions, head regression and death that affected 45% of the animals, while the nonfilamentous strain affected only 10% of the planarian exposed ( Fig. 1E ). These results demonstrate that the hyper-filamentous strain renders the most aggressive form of infection in S. mediteranea. Moreover, we noticed that at 10 dpi, lesions were completely healed in the surviving animals and their behavior was indistinguishable from the untreated animals.
Visualizing Candida albicans infection in planarians
To assess the effects and the spatiotemporal distribution of C. albicans in planaria, we used the anti-Candida antibody (Abcam, #ab53891) at different time points after infection with each C. albicans strain (Fig. 2) . This approach allowed us to distinguish the distinct morphological forms of C. albicans in whole-mount and in tissue sections, and determine their locations and qualitatively analyze their abundance throughout the planarian body (Figs. 2 and 3) . Generally, C. albicans cells were detected on planarian tissues from day 1 and the concentration gradually increased and peaked by 3 dpi. Interestingly, at 10 dpi C. albicans cells from all strains were dramatically reduced or absent from the planarian body with all three strains (Fig. 2) . Overall, the infection with the WT and hyper-filamentous strains were more prolific and aggressive by 3 dpi relative to the non-filamentous strain. No obvious tissue tropism was observed as C. albicans cells were observed throughout the planaria body, including within dorsal and ventral surfaces and in deep tissues (Fig. 2B ).
In addition, to the general distribution of C. albicans in the animal, we also noted the tendency of C. albicans to form clusters as the infection progressed (e.g. 3 dpi). The nature of these clusters is unclear but may be suggestive of biofilm development, which is a common C. albicans virulence strategy (Lohse et al., 2018; Nobile and Johnson, Fig. 2 . Visualization of C. albicans during and after infection. A-C) Representative images of wholemount anti-Candida antibody stain during infection days 1, 3 and 10. The images show the presence of C. albicans cells on the most superficial layer of planaria tissue. Animals were infected with 2 × 10 7 cells/mL for the non-filamentous, 1.5 × 10 7 cells/mL for the wild type and 5 × 10 6 cells/mL for the hyper-filamentous C. albicans strains. D-F) High-magnification images of planarian tissue with anti-Candida antibody stain at day 3 post-infection with the non-filamentous, wild type and hyper-filamentous strains, respectively. The yellow arrows indicate the presence of hyphae in tissue infected with the wild type strain. The red arrows point towards clusters of C. albicans cells. Scale bar is 200 μm. Five independent replicates were performed using 10 animals each. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 2015). Close up microscopic observations revealed that hyphal cells were present at 3 dpi in planaria infected with the WT strain ( Fig. 2E) , indicating the growth of the tissue invasive morphological form at this time point. We also noted that infection with the hyper-filamentous strain typically started at either the anterior or the posterior end of the animal (head or tail) but by 3 dpi the antibody signal was spread throughout the animal (Fig. 2F ).
We performed cross sections at different time points post-infection to visualize the distribution of C. albicans cells in superficial and deeper planarian tissues. For simplicity, we display representative images of the cross sections taken at the middle part of the body where the pharynx is located (Fig. 3 ). All three strains were observed to localize to the epithelial layer by 1 dpi, and as the infection progressed C. albicans cells were found in deeper tissues (parenchyma) and the amount of pathogen present was strain-dependent ( Fig. 3) . Specifically, the hyperfilamentous and the WT strains had the largest presence in both the epithelia and parenchyma (Fig. 3C-F) . Despite the massive growth of C. albicans in the planaria, the fungus became undetectable by 10 dpi, consistent with the CFUs results in Fig. 1C . These results demonstrate that fungi are able to attach, penetrate and grow inside planarian tissues, and that planaria subsequently respond to the infection by recognizing and clearing the pathogen.
Candida albicans infection triggers neoblast division and cell death
To learn about the planaria host response to C. albicans infection, we first observed the cellular changes taking place. Neoblasts are the only cells with the capacity to divide in planaria (Bardeen and Baetjer, 1904; Newmark and Sánchez Alvarado, 2000; Reddien et al., 2005; van Wolfswinkel et al., 2014; Wagner et al., 2011; Zeng et al., 2018) . Thus, neoblast division provides the cellular progeny required to renew and repair all planarian tissues. Mitotic neoblasts are recognized with antihistone-3 phosphorylated antibody (H3P) (Newmark and Sánchez Alvarado, 2000) . We found that infection with the hyper-filamentous strain was accompanied with an increase in neoblast division during the first 3 dpi, while the WT strain only increased mitotic activity on the first day of infection ( Fig. 4A-D) . Remarkably, mitotic levels returned to basal levels by 10 dpi in all groups (Fig. 4D ). Furthermore, we also found that the expression of the pan-neoblast marker smedwi-1 displayed significant changes during infection. Specifically, smedwi-1 expression levels increased at 1 dpi with the hyper-filamentous strain and unexpectedly also increased at 10 dpi with the WT strain (Fig. 4E) . Interestingly, there was a dramatic decrease in smedwi-1 expression at 3 dpi with the WT and non-filamentous C. albicans strains, while the group exposed to the hyper-filamentous strain display similar levels of expression as the uninfected control (Fig. 4E ). Although the changes in gene expression associated with this neoblast marker are not Fig. 3 . C. albicans invades epithelium and deeper tissues in S. mediterranea. A, B) Transverse cross-section images from the middle part of the planarian body exposed to C. albicans strains (red signal) at days 1 and 3 post-infection. The pharynx is the circular structure in the middle of the section. The planaria tissue is counterstained with DAPI (blue). Animals were infected with 2 × 10 7 cells/mL for the nonfilamentous, 1.5 × 10 7 cells/mL for the wild type and 5 × 10 6 cells/mL for the hyper-filamentous C. albicans strains. The thickness of the sections was 10 μm and dorsal is shown at the top and ventral at the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) E.I. Maciel et al. Developmental and Comparative Immunology 93 (2019) 18-27 mechanistically clear, these findings suggest that neoblasts may form part of the host response to counteract the effects of C. albicans infection. Simultaneous whole-mount immunostaining with the TUNEL (terminal deoxynucletidyl transferase dUTP nick end labeling) assay and anti-caspase-3 antibody were performed to determine whether C. albicans infection affects cell death in the host (Fig. 4F and G) . Since the TUNEL assay also labels cell death in C. albicans and caspase-3 is specific to the planarian, we co-labeled planarian tissue with both TUNEL and the caspase-3 antibody to quantify double positive cells. These experiments revealed that all three C. albicans strains triggered an increase in cell death, although the infection with the hyper-filamentous strain displayed four-fold the amount of cell death compared to the control (uninfected sample) ( Fig. 4F and G) . Taken together, these data demonstrate that the hyper-filamentous C. albicans strain triggers the most dramatic changes in the host involving cell death and cell division.
MORN2 and TAK1/p38 signaling pathways May facilitate efficient clearance of C. albicans infection
To further understand the mechanisms of the innate immune system activated during planarian clearance of C. albicans infection, we focused on pattern recognition receptors (PRRs) that are frequently involved in the recognition of fungi during an infection (Drummond and Brown, 2013; Goyal et al., 2018; Tang et al., 2018) . Specifically, we performed gene expression analyses of components associated with C-type lectin receptors (CTLs) and Toll like receptors (TLRs) upon infection with different strains of C. albicans (Gao et al., 2017; Tsoumtsa et al., 2018) . Components of the CTL and TLR pathways are depicted in Fig. 5A . To assess the involvement of the CTL pathway post-infection, we measured the expression of the upstream component, SYK, which encodes an adaptor protein, and the downstream component, TAK1, which encodes a signaling kinase. To evaluate the TLR pathway, we measured MyD88, which encodes an adaptor protein of TLRs that is known to play important roles during C. albicans infection and is present in the planarian genome (Roeder et al., 2004; Tsoumtsa et al., 2018) . Two other genes MORN2 and Tyrosinase were also selected for expression measurements Fig. 4 . C. albicans infection induces hyperproliferation and cell death in planaria. A-C) Whole-mount immunostaining with antiphospho-histone H3 (Ser10) antibody, which labels mitotic cells (yellow dots) at different times of infection with C. albicans strains: nonfilamentous (2 × 10 7 cells/mL), wild type (1.5 × 10 7 cells/mL) and hyper-filamentous (5 × 10 6 cells/mL). D) Number of mitoses at different times of infection with C. albicans strains and the non-infected control. E) Levels of smedwi-1 gene expression at different times of infection with C. albicans strains. The expression of smedwi-1 is normalized against a non-infected control. The internal reference is based on the ubiquitously expressed clone H.55.12e. F) Double staining with anti-caspase-3 antibody (green signal) and TUNEL positive cells (red signal) in planarian tissue at day 3 post-infection with C. albicans strains (7.5 × 10 6 cells/mL). In all cases the control sample corresponds to uninfected animal. G) Levels of double positive cells for caspase+/TUNEL+ in planarian tissue at day 3 post-infection with C. albicans strains (7.5 × 10 6 cells/mL). Cell division experiments consisted of three biological replicates using 10 animals each. Cell death experiments consisted of two biological replicates using 4 animals each. All graphs represent mean ± SEM. All statistical comparisons are against control unless noted with bars. Scale bar is 200 μm. Two-Way-ANOVA, *P < 0.01; ***P < 0.001; ****P < 0.0001 and ns = no significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) due to their known roles in clearing other microbial pathogens (Abnave et al., 2014; Cerenius et al., 2008) . The gene expression measurements during the infection time course revealed that MYD88 was not upregulated during any of the infections or time points while TRAF6 only showed increased expression for the non-filamentous strain in day 1 (Fig. 5B) . Conversely, SYK and TAK1 were upregulated in the planaria at different days depending on the strain of C. albicans. The non-filamentous and hyper-filamentous strains upregulated most of the selected genes during day 1 and 3, which was different from what was observed for the WT strain, where WT upregulated most genes at day 10 ( Fig. 5B ). Since the overall upregulation of the CTL effector genes was observed during the infection for all three C. albicans strains, we proceeded to look further into the CTL pathway. Recent studies revealed that bacterial infection triggers phosphorylation of p38 MAPK through activation of TAK1, which in turn leads to responses mediated by NF-kB (Arnold et al., 2016) . To test whether planarians clear C. albicans infection through activation of phospho-p38 MAPK we used the P-p38 human antibody at different time points of infection. The results showed that by day 3, the signal for P-p38 was increased compared to the control (uninfected planaria) and compared to planaria infected with the other two strains of C. albicans (Fig. 5C and D) . These results suggest that MORN2 and TAK1/p38 signaling pathways may facilitate efficient clearance of C. albicans infection.
Discussion
Our results demonstrate that the fungal pathogen C. albicans can infect planarians, and that this flatworm is capable of recognizing and effectively eliminating C. albicans in a relatively short period of time.
Here, we introduce a new invertebrate and low-cost model system to enable studies of host-pathogen interactions at different stages of fungal infection. Our findings also provide unique opportunities to analyze the activation of the host innate immune response independently of the adaptive immune response and underscore the privileged evolutionary position of flatworms and their biology that closely relate to human health. A) Graphical representation of the canonical signaling cascade activated by two particular pattern recognition receptors, C-type lectins (CTLs) and Toll like receptors (TLRs). The left side of the illustration depicts three of the most commonly known C type lectin pattern recognition receptors in response to C. albicans infection in mammals. The right side of the illustration shows two of the common toll like receptors that recognize C. albicans along with its downstream effectors. B) Gene expression levels of different components associated with CTL and TLR pathways during time course of infection with C. albicans strains. Levels are shown in a heat map and the scale bar displayed indicates red is upregulation and blue is downregulation. Gene expression values represent mean ± SEM of triplicate samples; each condition was generated by extracting RNA from 10 animals. The internal control is the ubiquitously expressed clone H.55.12e. C, D) Whole-mount immunostaining with anti-phosphorylated p38 antibody (P-p38, white dots) at different time points of infection with C. albicans strains: nonfilamentous (2 × 10 7 cells/mL), wild type (1.5 × 10 7 cells/mL) and hyper-filamentous (5 × 10 6 cells/mL). E) Number of P-p38 + cells at different time points of infection with C. albicans strains and the non-infected control. Experiments consisted of two biological replicates with 10 animals each. All graphs represents mean ± SEM. All statistical comparisons are against control unless noted with bars. Scale bar is 200 μm. Two-Way-ANOVA, *P < 0.01; ***P < 0.001; ****P < 0.0001 and ns = no significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
We developed a highly reproducible infection protocol based on soaking planarians in a solution containing C. albicans. This cost-effective strategy allows for the visualization of the initial C. albicans contact with host tissues, as well as its successive interactions to penetrate and invade deeper within tissues and organs throughout the host. We noticed that although some planaria succumb to fungal infection, some survive, and additional experimentation involving the use of different methods of exposure (e.g. injection and feeding), will be required to understand the underlying basis leading to this differential behavior. Although infecting planarians by feeding has been used before for bacterial infections (Abnave et al., 2014; Arnold et al., 2016) , our method of infection through soaking offers several advantages. First, it allows for the control of both the concentration of pathogens exposed to the host as well as for the easy and rapid removal of those pathogens in the media through washes. Second, this novel model is also useful to study mechanisms of host-pathogen epithelial infections by fungi. Third, our protocol is time-effective, taking only a few days from initial exposure to clearance of the infection. Finally, our methods can be easily scaled up to perform high-throughput screens to identify mutants with virulence defects and or antimicrobial compounds that are effective against C. albicans infection.
Exposure to three different morphological strains of C. albicans (WT, non-filamentous (efg1/efg1) and hyper-filamentous (nrg1/nrg1)) revealed that filamentation is an important virulent factor that affects planarian tissue. These findings also demonstrate that, similar to vertebrate animal models, the amount of tissue damage and the number of C. albicans cells penetrating deeper organs is dependent on the ability of C. albicans to undergo the yeast to hyphal transition. Interestingly, all tested C. albicans strains were able to adhere to the planarian epithelial cells, but the non-filamentous strain was less efficient at disseminating to internal tissues. This dissemination defect of the non-filamentous strain is likely due to the inability of this strain to cause tissue damage, and thus preventing penetration into the deeper tissues of the planarians. This non-filamentous strain is also likely to be eliminated more easily through phagocytosis. Wild-type C. albicans cells can adhere and transition to invasive forms in planarian tissue, and thus this new model can be used to gain mechanistic insights into virulence and possibly biofilm formation during fungal infection. Future studies will address the specific mechanisms used by pathogenic fungi to penetrate and invade host planarian tissues, and will provide deeper mechanistic insights into the host response and whether phagocytosis plays a central role in C. albicans clearance. Nonetheless, the current results provide opportunities to analyze direct early interactions between C. albicans and epithelial surfaces in the host. We propose that this infection strategy has some resemblance to mucosal infections in vertebrate models, and is consistent with the ability of fungal filamentation to facilitate tissue invasion, biofilm formation, and evasion of host macrophages (Cleary et al., 2016; Fuchs et al., 2010; Kadosh and Lopez-Ribot, 2013; Lo et al., 1997; Mitchell, 1998) .
Stem cells in mammals constantly renew tissues that are targeted by microbial infections (e.g. epithelial surfaces). C. albicans infection is known to activate the proliferation of mesenchymal and hematopoietic SCs leading to an increase in lineage-restricted cells necessary to fight pathogenic fungi (Megías et al., 2012 (Megías et al., , 2016 Yáñez et al., 2009 Yáñez et al., , 2011 Yang et al., 2012) . Planarians constantly renew tissues from stem cell division and we show here that neoblast proliferation is increased when planarians are exposed to invasive forms of C. albicans, which potentially suggests that the stem cell response to fight fungal infection is evolutionarily conserved in metazoans. This claim is also supported by recent findings that associate neoblasts with the ability of the host to combat Staphylococcus aureus infection (Keating et al., 2017; Torre et al., 2017b) . Future experiments will determine whether the increase in neoblast division upon C. albicans infection is directed toward a specific lineage such as the reticular cells, which are known to mediate the planarian innate immune response (Morita, 1991 (Morita, , 1995 . Our focus at the organismal level also enables access to the host response involving crosstalk between SCs, differentiated tissues and the innate immune system responding to fungal infection. This comprehensive approach has the potential to identify novel molecular players involved in the rapid clearance of pathogenic fungi.
Our results demonstrating an increase in the gene expression of TAK1 and SYK imply that the planarian response to C. albicans infection is mediated by the CTL receptors, which are also activated to eliminate pathogenic bacteria (Abnave et al., 2014; Arnold et al., 2016; Gao et al., 2017) . The findings presented here, lead us to propose that C. albicans infection elicits innate immune responses in the host involving multiple mechanisms encompassing traceable cellular (i.e. neoblast proliferation) and humoral (e.g. MORN2, TAK1/p38 signaling) activity to efficiently clear infection by pathogenic fungi. This cellular and humoral strategy is also effective to combat bacterial infection and allow for the innate immune system to adapt to recurrent infection (Abnave et al., 2014; Arnold et al., 2016; Torre et al., 2017a) . Our results are consistent with the possibilities that other signaling pathways may also become activated during infection and/or that their mechanistic activation may take place at different times. For example, TAK1 and SYK are expressed at different time points when planaria are infected with the different C. albicans strains. One possible explanation for this observation is that the WT strain may be capable of masking specific fungal cell wall components that are recognized by the PRRs (McKenzie et al., 2010) . Most CTL receptors detect either β-glucans or α-mannans, which are two major components of the C. albicans cell wall (Netea et al., 2006) . We speculate that the predicted pattern recognition receptor mediating the innate immune response against C. albicans is likely to be a CTL receptor, which will activate the SYK protein, and proceed to activate a complex that contains BCL and CARD proteins Maciel and Oviedo, 2018) . This is also consistent with the idea that TAK1 is also active during this process, and interacts with P38 and other MAP kinase cascades that eventually end in the activation of the transcription factor NF-kβ (Arnold et al., 2016; Torre et al., 2017a; Tsoumtsa et al., 2017) . Additional insights about the genetic network activated in the host will be obtained in future studies using genome-wide transcriptomic analyses during a time course of infection with C. albicans. Nonetheless, our work extends previous analyses of host-pathogen interactions in planaria (Abnave and Ghigo, 2018; Abnave et al., 2014; Arnold et al., 2016; Gao et al., 2017; Hammoudi et al., 2018; Li et al., 2018; Lu et al., 2017; Pang et al., 2016; Torre et al., 2017a; Tsoumtsa et al., 2017 Tsoumtsa et al., , 2018 and introduces a simplified platform to study evolutionarily conserved mechanisms to overcome infections by pathogenic fungi.
Conclusion
Collectively, our work introduces planarian flatworms as a low-cost and time efficient model organism to dissect basic mechanisms of hostpathogen responses during fungal infection.
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